[1] Cavi Angusti represent a series of large irregular depressions localized in part of the south circumpolar area previously mapped as the Hesperian-aged Dorsa Argentea Formation. Their origin has primarily been interpreted to be due to eolian deflation or subglacial melting. We use MGS MOLA and MOC data to analyze the largest of these features ($100 Â 50 km, and up to about 1500 m deep). These data reveal terraced interiors, centrally located equidimensional and elongated edifices, and lava-flow-like structures that strongly suggest that this basin formed as a result of magmatic intrusion and extrusion, causing heating and melting of a volatile-rich substrate and drainage and loss of the liquid water. Volume estimates and heat transfer calculations are consistent with a mechanism involving a combination of intrusion and extrusion very similar to that observed to be responsible for Icelandic subglacial eruptions and meltwater generation. Mounds and ridges in the floors of other depressions suggest that this mechanism may have operated in at least several other features of the Cavi. Eolian activity, sublimation, and solution are also likely to have played a role in further modification of these features. Meltwater from basin formation appears to have drained laterally and may also have reentered the regional subsurface groundwater system.
Introduction and Background
[2] The south polar region of Mars (Figure 1 ) contains areas characterized by irregularly shaped pits, generally located between 65 and 80°S, incised into a smooth upland surface. Small glimpses of these regions were first provided by Mariner 7 [Sharp et al., 1971] , but these areas were not fully classified, and their extent not fully known, until the time of Mariner 9 [Murray et al., 1972] , when they were formally named the ''pitted plains'' or ''pitted terrain.'' The pits were observed to be well-outlined features with sharp walls, some elongate and others more rounded, approximately 0.5 to several tens of kilometers in diameter. Their floors came in both smooth and rough varieties, rounded or flat-bottomed, with some exposing the underlying ''cratered terrain.'' The walls appeared to be rather steep, with estimated slopes of 10°, and to transition into a basin in a concave manner at the base [Sharp, 1973] . Stratigraphically, the pitted terrain was determined to lie between the younger polar layered terrain and the older cratered terrain. Based upon inferred local wind direction from albedo markings, and nearby features interpreted to be due to eolian processes, the origin of the pits was attributed to eolian deflation [Sharp, 1973; Cutts, 1973; Condit and Soderblom, 1978; Scott and Carr, 1978] . Using Viking data, Howard [1981] reexamined the pitted terrain, and proposed basal melting of ground ice as an alternative source for the pits, implying that ice is a significant component of the pitted plains unit. Modeling work by Clifford [1993] also suggested basal melting as a possible origin.
[3] The pitted plains unit was largely incorporated into the units that Tanaka and Scott [1987] mapped as Hdu and Hdl (the upper and lower members of the Dorsa Argentea Formation), and HNu, in the geologic map of the south pole they produced from analysis of medium and high-resolution Viking data (Figure 1 and Figures 2a and 2b). Hdu was described as generally broad and smooth, embaying surrounding cratered terrain, and was interpreted to be lava flows. Hdl was described to be similar to the upper member, forming smooth pitted plains around cavi, and was interpreted to be due to eolian mantle or lava flows. HNu was mapped as rough, massive deposits exposed in the walls and floors of large irregular pits such as Angusti and Sisyphi Cavi. Recent detailed mapping of the south polar region using MOLA data Tanaka and Kolb, 2001] has shown that the classification of the Dorsa Argentea Formation (DAF) into upper and lower members is not consistently supported by the topographic data. Further, the topography shows that the unit HNu is laterally JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 108, NO. E5, 5045, doi:10.1029 /2002JE001972, 2003 Copyright 2003 by the American Geophysical Union. 0148-0227/03/2002JE001972$09.00 continuous with Hd. The detailed analysis performed by supports the interpretation that the DAF and the related unit HNu are volatile-rich, and these deposits have been interpreted as representing the remnants of a formerly larger Hesperian-aged south polar ice sheet (Figure 1 ). This interpretation is supported by the presence of esker-like ridge systems Hallet, 2001a, 2001b] , flat marginal areas interpreted to be ponded debris, and sinuous channels leading from the margins of the deposit and interpreted to be drainage meltback products . The proposed basal melting origin for the pitted terrain [Howard, 1981] , specifically for Angusti and Sisyphi Cavi is also supported. A detailed summary of recent work related to the Hesperian-aged south polar ice sheet is given by Milkovich et al. [2002] , which shows additional evidence for the volatile-rich nature of the Dorsa Argentea Formation. Also, a detailed discussion of the Hesperian-aged ice sheet and what are interpreted to be remnants and deposits of the ice sheet (the Dorsa Argentea Formation), are provided by Ghatan and Head [2002] . Figure 1 . MOLA shaded relief map of the south polar region of Mars, poleward of 50°S. The light gray unit corresponds to Apl, the polar layered terrain, and the white unit within this to the residual polar ice, Api. The white unit exterior to the light gray unit corresponds to the Dorsa Argentea Formation and related unit HNu as mapped by Tanaka and Scott [1987] . have suggested that the Dorsa Argentea Formation represents the deposits of a previously larger Hesperian-aged south polar ice sheet. Located in the area of the box labeled ''A'' are a series of mountains interpreted by Ghatan and Head [2002] as candidate subglacial volcanoes that erupted into the Hesperian-aged ice sheet. The box labeled ''B'' marks the area of Cavi Angusti, located within the DAF. Dark gray areas are Hesperian aged ridged plains (Hr).
[4] The detailed mapping performed by Tanaka and Kolb [2001] further supports the interpretation of the DAF as being volatile-rich. However, Tanaka and Kolb [2001] propose alternative, non-glacial interpretations for many of the features observed in the south polar region. We feel that the evidence for a previously larger, Hesperian-aged south polar ice sheet, as discussed by , and further elaborated upon by Milkovich et al. [2002] and Ghatan and Head [2002] , is convincing, and will use this interpretation as a foundation for our discussion. Additionally, the ice sheet hypothesis is further strengthened by the results presented here.
[5] Ghatan and Head [2002] have interpreted several mountains mapped by Tanaka and Scott [1987] located within an area between 20°and 340°W as subglacial volcanoes, which may have played a role in local meltback of the larger, Hesperian-aged south polar ice sheet (Figure 1) . Two of these volcanoes are located adjacent to Cavi Sisyphi, and may have contributed to basal melting during its formation. This study focuses on the Cavi Angusti area of the pitted terrain, addressing previously proposed origins in light of new data obtained by the Mars Global Surveyor. Using new MOLA and MOC data, we present evidence for volcanic activity within the basins, resulting in Figure 2 . Different views of the Cavi Angusti area. North is to the upper left in each image. Area measures 500 km wide by 700 km long. a. Viking image mosaic of the Cavi Angusti area. Image resolution is highly variable, as is the illumination direction. b. The geologic map of the Cavi Angusti area produced by Tanaka and Scott [1987] from Viking data. Apl is the polar layered terrain, Hdu and Hdl are the upper and lower members of the Dorsa Argentea Formation, and HNu is undivided material. Am is a mantle material located within some basins of Cavi Angusti, and which was attributed to dust storms and eroded material from basin walls. c. MOLA shaded relief map of the Cavi Angusti area. Illumination is from the left. d. Sketch map of the Cavi Angusti area produced from MOLA data. The thick, black boundary line marks the trace of the Angusti Lobe. The thinner black lines mark the boundaries of individual basins. The basin boundary lines are dotted where clear boundaries are absent, but are inferred to have been present. There are at least a hundred basins carved into the Angusti Lobe. The ten largest have been numbered. The blacked out areas mark the locations of the mountains and ridges mapped within the area. The black dots represent the 7 cone-shaped mountains. e. MOLA color topography overlain on MOLA shaded relief map. In this view it can be clearly seen that the Angusti Lobe forms a broad rise that stands above the surrounding plains. f. The geologic map of the Cavi Angusti area produced by Tanaka and Kolb [2001] from MOLA data. Apl is the polar layered terrain, Hdd is the Dorsa Member of the DAF, Hdv is the Parva Member of the DAF, and ANdc is the Cavi Member of the DAF. Am is interpreted as a mantle material. significant volumes of volatile loss from the surrounding plains deposits, supporting a basal melting origin for the cavi.
Description
[6] Viking images of the Cavi Angusti area are of variable resolution and illumination geometry (Figure 2a ) making detailed mapping of the area rather difficult ( Figure  2b ). The new, high-resolution topographic data obtained by MOLA [Smith et al., 1998; Zuber et al., 1998 ] have provided a comprehensive view of the Cavi Angusti area , and allowed for a broader and deeper understanding of the dimensions and morphologies of the basins (Figures 2c -2e ). The basins of Cavi Angusti are situated on, and carved into a broad region of high topography, which averages about 1500 m above the surrounding plains. This broad rise measures 550 km wide, and extends away from the pole for about 600 km. This area forms a lobe-like outline outward from the pole, and will be referred to as the Angusti Lobe.
[7] Using the high-resolution MOLA data supplemented with MOC images, Tanaka and Kolb [2001] have remapped the south polar region (Figure 2e ). What had previously been mapped as the upper and lower members of the Dorsa Argentea Formation, and HNu (Figure 2b) , have now been divided into eight members of the DAF. The Angusti Lobe is flanked to the north and east by Argentea Planum, which consists of the Dorsa Member of the DAF (Hdd), and to the west by Parva Planum, which consists of the Parva Member (Hdv). These two members are heavily laden with sinuous ridges, which have been interpreted to be eskers on the basis of their similar morphologies and morphometries to terrestrial esker systems Hallet, 2001a, 2001b; . The lobe itself primarily consists of the Cavi Member (ANdc), but contains an outcrop of Hdd located in the southern portion of the area. Observations of the sinuous ridges within this outcrop of Hdd show that they terminate abruptly at the contact with ANdc (Figure 3) . The Angusti Lobe is stratigraphically overlain to the south by Apl, the polar layered terrain. The general elevation of the Angusti Lobe gradually decreases from $2100-2400 m at the contact with Apl to $1250 m at its northern margins, where it gently slopes downward into Schmidt Valley, a valley located within Argentea Planum that is dominated by the sinuous ridges (Figure 4) . The east and west margins of the lobe, which form the ANdc/Hdd and ANdc/Hdv contacts decrease more abruptly in topography.
[8] Close to a hundred basins occur in the Angusti Lobe (Figures 2c -2e ). The basins vary in size and shape, and often appear to merge into each other. Their walls are often degraded, making it difficult to discern where one basin ends and another begins. In our analysis of the area, we mapped ten main basins and several tens of smaller ones distributed over this area (Figure 2d ). The basins were mapped by tracing their outlines at various elevations, and assessing their morphology and structure. The basins generally have depths in excess of 1000 m, confirming similar estimates made using Viking images [Plaut et al., 1988] . The walls of the basins are curved and cuspate, and have measured slopes of about 11°(similar to the estimates made by Sharp [1973] ), which shallow out at the base in a concave manner. The walls of many of the basins also appear to display terraces, visible in both MOC images and the shaded relief map ( Figure 5 ). The elevations of the individual steps form at the same topographic levels to within a few tens of meters.
[9] As seen in the MOLA views (Figures 2c and 2e) , the morphologies and morphometries observed among the basins generally correlate well with geographic location. The larger and more irregularly shaped depressions are located in the center of the Angusti Lobe. These basins are the ones we have mapped as the ten main basins of the area. A high degree of linearity is especially seen among Basins 4-2-1-9 (Figure 2d) . Northward, the large pits give way to linear chains and channel-like features, which transition into a localized area pocked by hundreds of small pits, $1 -8 km in diameter [Dickson and Head, 2003 ]. This area is located along the southern margin of Schmidt Valley . The lowest part of Schmidt Valley is commonly at the level of, or within a few hundred meters of, the depth of the larger basins of Cavi Angusti (Figure 4) . Locally, some basins are deeper than the adjacent valley. Toward the cap, linear valleys form parallel and slightly sinuous troughs that extend hundreds of kilometers into the Amazonian-aged layered terrain (Apl). Many of the basins along the northern margins of the Angusti Lobe have very cuspate outlines, and smooth, flat floors. These cuspate basins often contain islands of material that appear to be outliers of the surrounding plains. Tanaka and Kolb [2001] noted that a few of the basins have raised rims. Those basins that have raised rims are generally small, and restricted to the Rugged Member of the DAF (Hdr) located to the northeast of Argentea Planum. Only one of the large basins of Cavi Angusti displays a noticeably raised rim. We begin our discussion of the basins with a detailed description of the largest basin of the Cavi Angusti complex (Basin 1; Figure 2d ) and then expand the discussion to the remaining basins and associated features.
Basin 1
[10] Basin 1 is centered at approximately 79°S and 70°W, and is located in the central region of the Angusti Lobe (Figure 2d ). It is elongated in a direction away from the pole, and measures about 100 km Â 50 km ( Figure 5 ). There is a breach in the wall toward the north, which connects Basin 1 to a more elongated pit that is also part of the Cavi Angusti complex (Figures 2b-2e ). Other than this break, the rim of the basin is intact to an elevation of 1500 m, with higher levels existing in places, especially along the eastern margins. The walls of Basin 1 display the (Figures 5a and 5c ), which are measured to lie at similar elevations to within a few tens of meters (Figure 5f ).
[11] MOC wide-angle images of the basin indicate a rather smooth floor, with several small craters visible (Figure 5c ). A shaded relief map of the basin shows a slightly more hummocky texture to the floor, and reveals several additional small craters, some of which appear to be exhumed and partly filled with material ( Figure 5a ). The floors of the basins have previously been interpreted to be the exposed remains of the Noachian cratered basement [Murray et al., 1972; Sharp, 1973] . Located within the basin are two topographic highs, one more rounded, and the other elongate (designated Mountain 1 and Ridge 1, respectively) (Figure 5e ). The MOLA data show that the lowest points within the basin are on the floor where it meets the wall (Figures 5b and 5f ). At the northernmost area of the basin is a very deep pit, reaching to depths of over 1.5 km from the rim and $400 m below the typical depth of the basin floor (Figures 5b and 5e ).
[12] Mountain 1, located near the geographic center of the basin, is approximately 12 km in diameter, 770 m tall, has a basal elevation of 1050 m, and a summit elevation of 1820 m. In both MOC and shaded relief views, the mountain appears to have relatively steep, hummocky slopes (mean value of 6°, steeper toward the top and shallower at the base), a flat top, and appears to be perched on a low platform. This platform extends away from the mountain in all directions about 2.5 km from the edge, has a slope of about 4°, and has lobate edges as well as a clear terminal scarp. The ridge, located slightly northwest of the mountain, is elongated in the same direction as the basin. It has the same basal elevation as the mountain, and a summit elevation of about 1600 m. It also sits on a platform. Volumes were calculated for Mountain 1, Ridge 1, and for Basin 1 up to the 1500 m contour, and are 51.6 km 3 , 30.6 km 3 , and 2500 km 3 respectively.
[13] Also seen in the shaded relief map (Figure 5a ) is a lobate feature with clear terminal scarps that extends away from the mountain in a northerly direction, parallel with the elongate trend of the basin. It measures 30 km long by 14 km wide, and spreads outward away from the mountain. In the shaded relief map the lobate feature is seen to clearly display a texture and morphology unique from that of the rest of the floor material. Detailed mapping of the lobate feature has been performed using the MOLA data (Figures 5a and 5b), and shows that there are at least two separate stratigraphic levels (Figures 5d and 5e). A second lobate feature is also observed in the shaded relief view of the basin, located to the north and east of Ridge 1. This second lobate feature appears to extend away from the ridge, following the same trend as the first lobate feature, and to abut the first lobate feature. For simplicity, we will refer to the lobate features as Lobate Features 1 and 2. Additionally, several faint, cuspate scarps are observed just south of Mountain 1 that step down away from it.
[14] The lobate features are also observed in MOC wideangle images (Figures 5c and 6a ). They display a low brightness that is unique and different from the rest of the basin floor. The difference in brightness between the lobate features and the rest of the floor of the basin could simply be due to a difference in texture or grain size, or could mean that the composition of the lobate features is different from the rest of the basin floor. Both lobate features are observed to display a low brightness in MOC images obtained during all seasons, eliminating the possibility that they are seasonally dependent. The lobate features are not visible in Viking views of the area due to the low resolution of the images (Figure 2a ). Trending parallel to the northern scarp of the lobate feature are two other lobate scarps, which the topography data show to step down in a staircase manner.
[15] There are four MOC narrow angle images located on the floor of Basin 1 (for location see Figure 5c and close association with Mountain 1 suggest that it is a lava flow originating from Mountain 1 (see discussion in section 3.3.1).
Other Basins and Associated Features
[16] All other basins of the Cavi Angusti area are smaller than Basin 1. A brief description of a few of them illustrates the variety of basins observed, as well as the different features found in association with the basins.
[17] Basin 2 is located to the south of Basin 1, and is separated from it by an intact wall (Figures 2c -2e ). It measures 60 km Â 60 km. The same general observations made for Basin 1 can be made for Basin 2 (Figure 7a ). The eastern wall of Basin 2 is intact, but the western wall is missing, and is replaced by an outlier lobe of Apl ( Figure  2b ). This lobe of Apl seems to be structurally controlled by the eastern wall of Basin 1, its boundaries being subparallel to the trace of the wall. Additionally, located within Basin 2 is an elongated topographic high that is situated adjacent to a 12 km diameter crater (arrow in Figure 7a) , and which will be referred to as Ridge 2. Ridge 2 is elongated in the same direction as Basin 2, measures 12 km long and 6 km wide, and is 538 m high. Its flanks have slopes of 6.5°, and it has a smooth, flat top. In MOC images, two small depressions are observed on the top of the ridge. The direction of trend of Ridge 2 is a few degrees east of the direction of the trend of Ridge 1 (Figures 2c -2e) . Also, an extension of the trend line for Ridge 1 toward the south shows that Ridge 2 is located several kilometers to the east of this line (Figures 2c and 2e) .
[18] Basin 4 is a narrow basin that is directly connected to Basin 2, lacking a distinct wall in that direction ( Figures  2c -2e and 7b ). It measures 16 km wide at its widest, and 84 km long. Its southern wall forms a smooth theater-head shape carved into the surrounding plains. There is a lobe of debris along the floor near the contact between the eastern and southern walls. Additionally, a small, ridge-like feature is located on the floor of the basin (lower arrow in [19] Basin 6 is located to the west of Basin 1 ( Figures  2c -2e and 7c) . It is largely a somewhat circular basin, although it has a peripheral section connected to the east of the circular section. It measures 72 km Â 40 km. The lowest part of the basin is located in the eastern portion of the circular section, which has an elevation 1000 -1500 m below the surrounding rim. To the west of this low portion is a mound of blocky material, located in the approximate center of the circular section (arrow in Figure 7c ). This blocky mound measures 17 km in diameter, is $500 m high, and has slopes of $6°. A smaller ridge is located adjacent to the blocky mound. This ridge appears to consist of three small cones, but the resolution of the MOLA data is not detailed enough to be able to determine this with certainty. The smaller ridge measures 8 km Â 3 km, is 400 m high, and has slopes of 11°. This small ridge trends approximately subparallel to the trend of Ridge 1, Ridge 2, and the small ridge located on the floor of Basin 4.
[20] Basin 8 is located to the northwest of Basin 1, and to the north of Basin 6 (Figures 2c -2e and 7d) . It has two main sections that are connected by a gap in the wall that measures approximately 8 km wide. The eastern section of Basin 8 measures 75 km Â 30 km, elongated in a northsouth direction. The western section of Basin 8 measures 30 km Â 38 km. There are two craters located on the floor of Basin 8. Additionally, there is an elongate ridge-like feature that is located within the eastern section of the basin (arrow in Figure 7d ), and which trends parallel to the direction of elongation of the basin. It measures 20 km long and 5 km wide. It is 640 m high, and has slopes of 20°. This ridge-like feature has an unusual morphology. Its flanks have several lobe-like steps that appear stacked on top of one another. The northern margin of the ridge is lower than the southern end, which would be consistent with material having flowed down in that direction.
[21] In addition to the ridges and mountains described above, there are at least seven other cone-shaped mountains observed in the area in and around the basins of Cavi Angusti (black dots in Figure 2d ; see also arrows in Figures  7e and 7f ). These cones are about 300-400 m wide and 300-600 m high, and have slopes that average about 13°. The cones are predominantly located within clearings in the northern, more channel-like basins. The walls of these basins are observed to be farthest apart in the areas containing the cones. One cone is located to the southeast of Basin 4, and is centered in a small clearing carved into Figure 7b ). The locations of all the cones, mountains and ridges mapped in the Cavi Angusti area are marked as blacked out areas in Figure  2d . The seven cone shaped mountains are the seven smaller black dots.
Interpretation and Possible Origins
[22] The origin of the basins of Cavi Angusti is likely intimately tied to the nature of the surrounding plains into which the basins are carved. Pre-MGS mapping [Tanaka and Scott, 1987] interpreted the DAF and associated units to be lava flows or an eolian mantle. However, recent mapping using MGS data has shown that there is much evidence supporting Howard's [1981] suggestion of a significant volatile component to the plains. Any mechanism invoked for the origin of the cavi must take this into account. The deflation origin proposed during the time of Mariner 9 [Sharp, 1973; Cutts, 1973; Condit and Soderblom, 1978; Scott and Carr, 1978] suggests that the only material removed was sediment, and that the mechanism was eolian in nature. Basal melting implies that the material removed was mostly volatile in nature, as outlined by Howard [1981] . This melting could be attributed to either an increase in the local geothermal gradient through magmatic activity or accumulation of material at the surface sufficient to raise the equilibrium depth of melting to the ground level [Clifford, 1987] .
[23] MOLA profiles across the Angusti Lobe and the corresponding members of the DAF indicate that the Cavi Member (ANdc) has a significantly higher elevation than the surrounding plains members (Hdd and Hdv) that contain the esker-like ridges (Figure 4) . Assuming a generally constant elevation for the underlying basement, this suggests that the Cavi Member is a thicker unit.
[24] Meltback and retreat of an Hesperian-aged south polar ice sheet would have been more prominent along the margins of the ice sheet, and less so closer to the central portions of the ice sheet. Therefore it might be expected that the peripheral deposits of the ice sheet would be less volatile-rich than the more central members. That is, if the DAF represents the volatile-rich deposits of an ice sheet, the Cavi Member might be expected to have been deposited as a thicker unit than the Dorsa and Parva Members, and would have thus contained a larger total volatile reservoir. The topography observed from the MOLA data is consistent with this scenario.
[25] On the basis of the above description of the basins of Cavi Angusti and their associated features, as well as the evidence supporting the volatile-rich nature of the DAF, we will reexamine the two previously proposed origins for the basins, eolian deflation and basal melting. We will also briefly address two other, previously unmentioned possible origins for the basins, sublimation and solution.
Deflation Basins
[26] It is important to distinguish between eolian activity as a mechanism of formation of the cavi and a mechanism of modification. Wind is a powerful erosive and transport agent on Mars. Observations made with Mariner [Cutts, 1973] , Viking [Thomas et al., 1992] , and MOC [Malin and Edgett, 2001 ] images clearly reveal dunes and yardangs in the vicinity of Cavi Angusti, as well as on the floors of some of the basins. Additionally, wind steaks are observed, such as those seen in the Viking data [Cutts, 1973] . The presence of such wind-related features was the primary basis for the deflation basin origin proposed by Cutts [1973] using Mariner 9 data. However, dunes, yardangs and wind streaks only attest to the relatively recent activity of wind in the area, and most likely are the product of modification of the local and surrounding terrain [Smith, 1963] . To address a possible wind-related origin for the basins a detailed analysis of the mechanism of deflation is required.
[27] Deflation is defined as the removal of material from a land surface by wind action. This process most commonly occurs when wind lifts and transports away relatively finegrained particles, leaving behind a lag deposit of coarsergrained material, and therefore leading to a decrease in the elevation of the ground surface. We begin with a general background of terrestrial deflation basins, in order to establish some specific criteria by which to test a deflation origin for the Cavi Angusti basins.
Terrestrial Deflation Basins
[28] Deflation basins on the Earth are known to be prevalent in the Libyan Desert [Ball, 1927 [Ball, , 1933 , in southern Tunisia, in the Sahara Desert [Smith, 1969 [Smith, , 1970 , as well as in the western regions of the United States. Their extent is well known, as are their physical characteristics and their origin. Some variation exists in the morphology of the basins depending on their local environment and geologic setting. However, most of the variance is due to secondary modification [e.g., Smith, 1969] , which can greatly alter a basin's floor and walls from their original structure. In order to isolate the primary factors involved in deflation basin formation, we will focus on the basins of the Libyan Desert, where the climate is such that secondary modification of the basins has been relatively limited.
[29] The basins of the Libyan Desert are broad, shallow depressions, which rise very gradually into the surrounding desert plains, and are not interconnected. They are all generally quite small relative to the depressions of Cavi Angusti, measuring only a few tens of kilometers in diameter, and a few meters deep. The largest known basin, the Qattara Depression, is larger than the size of the Mars pits. It measures 298 km Â 145 km, with an average depth of 60 m, and a maximum depth of 134 m. It has a total volume of 1167 km 3 [Ball, 1927] .
[30] The origin of the basins of the Libyan Desert was once hotly debated, since it is quite puzzling to understand how several isolated, enclosed depressions might form. Tectonic, erosional and depositional processes were considered. An origin attributed to eolian deflation was ascribed to the basins for two main reasons [Ball, 1927 [Ball, , 1933 Smith, 1969 Smith, , 1970 . First, the lack of clear drainage features or structural dependence of the basins eliminated all other understood formation mechanisms. Second, the basins are associated with dune fields of sufficient volume to account for the missing material from within the basins, as well as with other wind related features such as yardangs.
[31] One major flaw with the mechanism of deflation, as suggested by Gindy and El Askary [1969] , is that an initial sag in the topography is required in order for deflation to take place [see also Ball, 1927] . As a result, wind erosion is often not the initial mechanism of formation of enclosed basins, but serves to enlarge already existing basins [Smith, 1969] . Additionally, eolian erosion is favored by the availability of loosely consolidated material [Ball, 1927; Smith, 1969] . If the ground surface is highly consolidated, the erosive power of the winds passing over that ground may be insufficient to strip away material. However, the availability of loosely consolidated material, accessible to the wind for erosion and transport, is not in itself a guarantee that such erosion and transport occurs. The presence of loosely consolidated material is simply a factor that makes it more likely for wind to play a significant role in erosion of the area.
[32] For the Libyan Desert basins, two mechanisms were proposed for exposing soft rock and unconsolidated material to the wind [Ball, 1927 [Ball, , 1933 . One mechanism requires a folding event, which could have exposed softer, more easily eroded rock at the tops of anticlines. Eventually, the wind would have been able to erode depressions downward through the anticlines. A second mechanism, which is the one that is accepted for the origin of the Libyan Desert depressions, involves vegetation growth within preexisting shallow depressions. During the winter months, rain would have drained downward into the depressions, carrying with it some weathered components of the surrounding plateaus. The bottoms of the basins would have become filled with vegetation, which disrupted the underlying rock. These plants would have died during the hot summers, exposing the fresh, unconsolidated soil to the wind. If the wind was able to transport more material out of the basins during the summer than was carried in during the winter, growth of the depressions would have occurred. Regardless of the actual mechanism it is clear that in order for deflation to take place, fine-grained, loosely consolidated material must be exposed to the wind.
Comparison to Cavi Angusti Basins
[33] How do the basins of Cavi Angusti compare to terrestrial deflation basins? First, the physical parameters of the Angusti depressions are quite different from typical terrestrial deflation basins. The Angusti depressions are predominantly much larger and voluminous, significantly deeper, and have much steeper walls. Many of the Cavi Angusti basins are interconnected, which is not the case with terrestrial deflation basins. Also, the stair-step nature of the walls of the Angusti basins, are not observed among terrestrial deflation basins. Further inconsistencies arise when we consider the actual mechanism of formation. The depressions of Cavi Angusti are carved into the Dorsa Argentea Formation, which recent work has shown to be a volatile-rich unit, likely being the deposits of a larger, Hesperian-aged ice sheet. The frozen volatile component would be expected to keep the unit rather consolidated, making it more difficult for wind to strip and transport away the dust component of the unit. In addition, there is no evidence that supports local contractional tectonics, which could have led to a folding event, nor is there any indication that vegetation was once present on Mars. Lastly, while there are wind-related features such as dunes and yardangs observed in association with the basins, the volume of these features does not approach the volume of material excavated from the basins. The material excavated from deflation basins on the Earth is generally deposited locally. The absence of sufficient dune deposits in the vicinity of the Angusti basins may suggest that the material excavated was not all sediment. Alternatively, the absence of sufficient local dune deposits may possibly be attributed to global dust storms on Mars, which could have carried the excavated material from the basins a great distance away.
[34] Examination of the size and depth of the Cavi Angusti basins with geographical location also argues against eolian deflation as an origin. The size of the Cavi Angusti basins tend to correlate well with geographic location, the larger basins located in the central, thicker portions of the deposit, and the smaller basins located in the more peripheral, thinner portions of the deposit. This general size-depth relationship, and geographic spacing argue against a mechanism of basin formation that operates top-down. A top-down mechanism operates with no ''knowledge'' of the thickness of the deposit. Therefore the scale of the basins formed by deflation, a top-down mechanism, should not be dependent upon thickness. This is not consistent with the size-depth relationship of the Cavi Angusti basins.
[35] From a conceptual point of view, it is further difficult to imagine why deflation would have occurred in one isolated area of the Dorsa Argentea Formation rather than in many places. Assuming strong enough winds are available, deflation is dependent upon access to erodable material. If the material within one region of the DAF was susceptible to deflation, then other areas should have been as well. This is clearly not observed. For all the above reasons, a deflation origin for the basins of Cavi Angusti seems unlikely. However, as has already been mentioned, it is clear that wind has served as a secondary, modifying agent.
Sublimation
[36] The above discussion suggests that eolian activity through deflation seems unlikely to be the primary mechanism of formation of the Cavi Angusti basins. However, a second wind-related mechanism should also be considered. As has been discussed, there is good evidence to suggest that the Dorsa Argentea Formation and related units are volatile rich . On the Earth it is known that extreme katabatic winds flowing off a glacier's surface can lead to increased sublimation rates along the glacier's surface, resulting in volatile loss [Benn and Evans, 1998 ]. Could similar winds coming off of the south polar ice sheet have been responsible for the formation of the Cavi Angusti basins? While it is difficult to assess whether or not sublimation was a primary factor in the construction of the basins, there are several factors that suggest it was not.
[37] First, it is difficult to imagine conditions that could have led to such localized sublimation in one region of the Dorsa Argentea Formation. Katabatic winds would result from cold atmospheric gas flowing downslope over the surface of the ice mass toward lower density atmosphere. Such winds would be expected to be present circumpolar to an entire ice sheet, as would features formed by them. Thus, if katabatic winds led to formation of basins in one area of the DAF, it would be expected that similar basins would be observed elsewhere in the unit. Some basins are observed in the Cavi Sisyphi area, but these basins are smaller, and morphologically different from those of Cavi Angusti Ghatan and Head, 2003] . Second, it is difficult to imagine katabatic wind-assisted sublimation resulting in well-defined, enclosed basins, such as those that are observed in the Cavi Angusti area. Additionally, Howard [2000] has proposed that katabatic winds are responsible for the formation of the radially oriented chasma, grooves and troughs present in the Amazonianaged polar deposits. Some of the southernmost basins on the Angusti Lobe are quite linear and extend hundreds of kilometers into Apl. These basins may be good candidates for having formed by, or having been considerably modified by katabatic winds. However, the absence of clearly oriented, linear grooves among the main basins of Cavi Angusti, similar to the chasma in Api and Apl, argues against katabatic wind assisted sublimation being the dominant process of formation for all but the southernmost basins that extend into Apl. Further, as discussed above for eolian deflation, sublimation is also a top-down mechanism, which would not be favored based upon the sizedepth relationship observed among the Cavi Angusti basins. Finally, any top-down volatile loss would lead to a concentration of a sediment lag deposit. Unless continually removed, such a lag would certainly serve as a negative feedback, leading to a decrease in, and eventually a cessation of sublimation [Carr, 1983] .
Basal Melting
[38] An alternative to the eolian-related mechanisms of formation described above is the process of basal melting, originally proposed by Howard [1981] . The equilibrium depth to the melting isotherm of ice, the depth at which melting occurs, is determined by the geothermal heat flux. The accumulation of material at the surface raises this depth closer to the base of the accumulating ice mass [Clifford, 1987] . For a given heat flux, the maximum thickness of accumulation will occur when the melting isotherm reaches the base of the ice mass, leading to basal melting. Therefore, for a given body of ice-rich material, the onset of basal melting is intimately tied to the local geothermal heat flux. An increase in the local heat flux, either due to intrusive activity or extrusive volcanic activity, can lead to basal melting. Additionally, an increase in the thickness of the ice-rich deposit can lead to melting at the base.
[39] The widespread sinuous ridges in the valley adjacent to Cavi Angusti and elsewhere along the margins of the DAF have been shown to have many similarities to terrestrial eskers , suggesting that large volumes of meltwater were transported within the area. The presence of the esker-like ridges, the coincident topographic level of the valley containing the eskers and the bottoms of many of the basins (see topographic profiles by and in Figure 4) , as well as the linear nature of some of the basins that extend well into the polar layered terrain, led to conclude that Howard's [1981] basal melting proposal was the most likely origin for the basins of Cavi Angusti. We will now examine the evidence for basal melting and melting mechanisms within the basins. 3.3.1. Evidence for Basal Melting: Basin 1
[40] In considering evidence for basal melting with Basin 1, it is necessary to first address the nature and origin of the features observed within the basin ( Figure 5) . What is the origin of Mountain 1, Ridge 1, and the lobate features observed to emanate away from them? There are at least two possible origins for the lobate features: they could be landslides/debris flows, or they could be lava flows. The ratio of the length of Lobate Feature 1 ($30 km) to the height of Mountain 1 ($770 m) yields a value of 0.026, considerably smaller than values typically observed for landslides/debris on Mars [Lucchitta, 1979; Harrison and Grimm, 2002; Bulmer et al., 2002] . Further, the morphology of the lobate features is markedly different from those observed among the various landslides in Valles Marineris [Lucchitta, 1979] . Specifically, slump blocks, transverse ridges, and longitudinal grooves, characteristic of unconfined landslides in Valles Marineris, are absent among the lobate features. Additionally, the physical structure of Mountain 1 appears to be fully intact. There is no evidence (e.g., scarps or alcoves) for material having faulted or slid off of the mountain. It therefore seems more likely that Lobate Feature 1 is a lava flow. Its dimensions are consistent with a lava flow origin [Peitersen et al., 2002] , as are the lobate and cuspate nature of its margins, and its clear terminal scarp [Green and Short, 1971] . It spreads outward as it emanates away from the mountain, suggesting that the mountain is the source, and that the mountain is actually a volcano [Greeley et al., 2000; Hodges and Moore, 1994] .
[41] The low brightness displayed by Lobate Feature 1 in MOC wide-angle images (Figures 5c and 6a) suggests that it could have a different composition from the rest of the basin floor, which would be consistent with a lava flow. This is further supported on the scale of MOC narrow angle images. Various brightness markings, some dark blocks, and some small-scale ($100 m) polygonal features present in the narrow angle image of Lobate Feature 1 (M1003510), are absent from the three narrow angle images located on the rest of the floor (compare Figures 6b and 6c) . Additionally, detailed mapping of Lobate Feature 1 reveals that it contains at least two stratigraphic levels (Figures 5d and 5e ), which would be easily explained by successive lava flows.
[42] Lobate Feature 2, which is observed to extend away from Ridge 1, also displays a low brightness in MOC wideangle images, and thus may also likely have a different composition from the rest of the basin floor. Because of its similar brightness to Lobate Feature 1, as well as its close association with it and similar physical characteristics to it, Lobate Feature 2 may also likely be a lava flow, and Ridge 1 a volcano. The way in which Lobate Feature 2 abuts Lobate Feature 1 suggests that it is a younger flow.
[43] Mountain 1, while similar in height, width, and volume to other Martian features interpreted as volcanoes [Hodges and Moore, 1994] , is different in some morphological respects. It is flat topped and has relatively steep slopes for a Martian volcano [Kortz and Head, 2001; Smith et al., 1998 ]. Because of its geographic location, in the center of a basin interpreted to be formed in volatile-rich deposits of an ice sheet [e.g., , there exists the possibility that at times during the eruptive history of the mountain, it erupted into ice-rich surroundings. The anomalous characteristics of Mountain 1 from other similar sized Martian volcanoes (flat-top and steep slopes) can be interpreted in the context of a subglacial constructive history [Mathews, 1947 [Mathews, , 1951 Smellie and Skilling, 1994; Skilling, 1994; Smellie, 2000 Smellie, , 2001 Hickson, 2000] .
[44] Subglacial volcanoes on Earth are presently being constructed beneath the Icelandic ice caps [Gudmundsson et al., 1997] and the Antarctic ice sheet [Smellie, 2001] . Other volcanoes are located in areas once occupied by ice sheets, and are thought to have been constructed subglacially, such as those in British Columbia [Mathews, 1947 [Mathews, , 1951 and Iceland [Einarsson, 1966] . The most well recognized form of terrestrial subglacial volcanoes is the table mountain, characterized by steep slopes and a flat top, and capped by lava flows that develop in the latest stages of edifice construction once eruptions become subaerial [Nielsen, 1937; Mathews, 1947 Mathews, , 1951 Smellie and Skilling, 1994; Skilling, 1994; Smellie, 2000 Smellie, , 2001 . In a typical subglacial eruption meltwater accumulates in an englacial lake around the site of eruption. Edifice construction occurs within this englacial lake and is constricted by the surrounding ice walls. A detailed review of terrestrial subglacial volcanism is provided by Ghatan and Head [2002] .
[45] Mountain 1 is morphologically similar to terrestrial subglacial volcanoes, as well to a series of mountains near the south pole, interpreted to be subglacial volcanoes that erupted into the larger Hesperian-aged ice sheet [Ghatan and Head, 2002] (see Figure 1 , box A for context). Many of the candidate subglacial volcanoes described by Ghatan and Head [2002] have flat tops and steep slopes, similar to Mountain 1, although these volcanoes are larger than Mountain 1, and are not surrounded by basins. Similar to Mountain 1, Ridge 1 has relatively steep slopes compared to subaerially constructed Martian volcanoes. Subglacial eruptions along fissures as opposed to localized vents can lead to the formation of steeply-sloped ridges, such as those observed in Iceland [Einarsson, 1966] (see also discussion by Hickson [2000] ). A similar constructive environment may account for the steep slopes of Ridge 1. Consistent with this scenario are the terraces observed along the walls of Basin 1. These terraces could represent standing levels of meltwater accumulated as englacial lakes within the basin [Bjornsson, 1975; Smellie, 2001] .
[46] While Mountain 1 and Ridge 1 may have a subglacial origin, the flow-like features extending away from them for such great distances are unlikely to have formed subglacially, as material erupted beneath an ice rich deposit tends to form pillow lava and hyaloclastites, and is confined by the surrounding ice walls [Smellie and Skilling, 1994; Wilson and Head, 2002] . Thus a general geologic history of the basin suggested by these observations is the following: 1) Emplacement of a Hesperian-aged ice sheet and associated units ; 2) Eruption of Mountain 1 and Ridge 1 into the volatile rich deposits of the Hesperianaged ice sheet melted and removed a volume of water equivalent to the basin up to about the 1500 m contour (2500 km 3 ); 3) Later subaerial eruptive stages produced several lava flows.
Meltwater Production
[47] A simple test of the above-proposed basal melting hypothesis is an ice-to-magma ratio. On the basis of heat flow calculations from Icelandic work [Gudmundsson et al., 1997; Hoskuldsson and Sparks, 1997] , the volume of magma necessary to melt a given volume of ice can be determined. If Mountain 1 and Ridge 1 erupted into an icerich deposit, could the heat associated with their cooling have melted the missing volume of material from Basin 1?
The heat released from eruptive products to its surroundings while it cools is given by:
where Q represents heat lost (in kilojoules), M e represents the mass of magma cooled, C represents the heat capacity of volcanic glass (estimated to be 1.10 kJkg
) [Gudmundsson et al., 1997] , and ÁT represents the change in temperature of the cooled magma (here estimated to be approximately 1000°K). The heat necessary to melt a volume of ice is given by:
where Q represents the heat necessary, M ice represents the mass of ice being melted, and L represents the latent heat of ice melting at 0°C (estimated to be 335 kJkg
À1
). The density of ice at 1 atm is 9.168 Â 10 11 kg km
À3
. This value will be used here, since the density of ice does not change significantly as a function of temperature or pressure.
[48] Using equations (1) and (2), and the volumes calculated for Basin 1, it is estimated that a volume of approximately 450 km 3 of magma would be necessary to melt the 2500 km 3 of ice that once filled the basin. The combined volume of Mountain 1 and Ridge 1 is 82.2 km 3 . Thus approximately 20% of the magma required to melt the overburden is seen in extrusive deposits leaving an additional 80% unaccounted for. Could this missing heat be from magma that cooled intrusively, and released its heat conductively? Interestingly this is the same ratio of intrusive-to-extrusive material calculated to be responsible for the production of meltwater in the Grimsvotn geothermal area in Iceland [Bjornsson and Gudmundsson, 1993; Gudmundsson et al., 1995] . In this scenario, heat would have been transported to the ice by intrusive conduction and through direct contact with extrusive material, and through convection of meltwater within an englacial lake [Bjornsson, 2002] . Together, Mountain 1 and Ridge 1 could plausibly be responsible for melting the ice in Basin 1. Once it had drained, later subaerial eruptions would have been able to occur. Of course, these estimates assume that all of the excavated material was ice. If a portion of the removed material were sediment, less heat would have been required to melt the ice.
Evidence for Basal Melting: Other Basins
[49] Is there evidence for volcanic activity within and around the other basins of Cavi Angusti? Several isolated mountains have been mapped within the area (see section 2.2) (Figure 2d ), most of which are located within the center of basins (see Figure 7 for close-up views, and Figure 4 for context of these views). Some are observed to be situated within small clearings carved into the surrounding plains (Figures 7e and 7f) . These mountains are all similar in size to small Martian volcanoes Moore, 1994, Kortz and , although they do tend to have somewhat steeper flank slopes than subaerially constructed Martian volcanoes.
[50] If these mountains are volcanoes, could they have erupted into the volatile-rich deposits of an ice sheet? If they were constructed within the volatile-rich DAF, it would be expected that ice would have been melted from the sur-rounding plains in a pattern generally centered around the mountains. This is consistent with what is observed. Also, construction within ice-rich deposits may account for the relatively steep slopes observed among these mountains [Mathews, 1947; Hickson, 2000] . The seven cone shaped mountains mapped in the Cavi Angusti area are morphologically similar to some of the candidate subglacial volcanoes that Ghatan and Head [2002] have identified in the south polar region (Figure 1, box A) . However, the Cavi Angusti mountains are significantly smaller than these volcanoes, and more similar to those observed in Iceland.
[51] Basal melting, a bottom-up mechanism of formation, is also supported by the common basal elevation shared by many of the basins. This common basal elevation may represent the base of the volatile-rich deposit in which the basins are located. A bottom-up mechanism would yield basins with depths corresponding the thickness of the deposit, regardless of the size of the basins. This is consistent with the Cavi Angusti basins. Additionally, the interface between the volatile-rich DAF and the underlying Noachian cratered terrain would have been an optimal location for ascending magma to form sills or construct edifices, leading to basal melting . We thus conclude that volcanic eruptions beneath an ancient volatile-rich deposit could account for formation of many of the basins of Cavi Angusti.
Fate of the Meltwater
[52] If the material excavated from the basins was largely volatile in nature, where did this material go, and how was it transported? The general topography of the region suggests that water would tend to drain toward the north, into Schmidt Valley . Water could have been transported in four possible ways: 1) over the top, by overflow, filling up the basins successively, 2) through the deposit, 3) along the base, underneath the deposit, and 4) back into the local groundwater system. We will briefly examine each method of transport.
[53] 1) As the meltwater filled up one basin, it could have spilled over into another basin, and continued to do so until it eventually spilled over into Schmidt Valley. The terraces along the basin walls may represent standing levels of englacial lakes. This suggests that water did accumulate within the basins, and could have reached heights sufficient to overflow and spill over into the next basin. However, due to the higher density of water compared with ice, melting of the ice-rich deposits would have led to a decrease in the total volume of H 2 O. This suggests that if water did overflow the basins, it was unlikely to have been a large amount. Other transport mechanisms were probably more dominant.
[54] 2) While the DAF has been shown to be volatile-rich , it is unlikely to have been a pure ice deposit. Dust and sediment intermixed with the volatile component would have made the deposit porous, and likely permeable to some degree [Smellie and Skilling, 1994; Smellie, 2001] . As a result, some meltwater could have been transported through the deposit. Perhaps the esker-like features mapped by Tanaka and Kolb [2001] as a small patch of Hdd at high elevations within the Angusti Lobe (Figure 2f ) represent englacial drainage between basins.
[55] 3) Accumulation of meltwater in an englacial lake will increase the hydrostatic pressure at the base of the lake. If this reaches the magnitude of the pressure at the base of the surrounding ice mass, the ice mass will become positively buoyant, and will float. The meltwater will then drain from the lake, and travel along the base of the deposit. This is the currently accepted mechanism of formation for the majority of jokulhlaups that originate underneath the Vatnajokull Icecap, in Iceland [Bjornsson, 1974 [Bjornsson, , 1975 [Bjornsson, , 1992 . This analogy for Cavi Angusti may not be appropriate if the dust-to-ice content of the ice mass into which the volcanoes erupted was too high. Too much dust incorporated into the deposit would have increased the density of the deposit. This could have made it less likely for the hydrostatic pressure at the base of the lake to have exceeded the pressure at the base of the ice mass. Additionally, higher dust components would have increased the porosity, favoring transport through the deposit, as described above.
[56] If the dust-to-ice content was low, similar to terrestrial ice sheets, floating may have been a feasible mechanism of transport. Floating of the deposit in one area may have allowed meltwater to drain out of one basin and into another. For example, there appears to be a strong linearity among Basins 4-2-1-9. If the present walls dividing these basins were the walls that existed previously, meltwater that formed in Basins 4 and 2 would have ponded within Basin 2. If this meltwater locally floated the deposit, the water would have traveled into Basin 1. Meltwater in Basin 1 would have traveled into Basin 9, where it would have met a head. From there water could have then overflowed, or traveled through the deposit. The transition from relatively equidimensional basins to more linear and sinuous basins toward Schmidt Valley to the North could reflect the presence of subglacial drainage channels that provided pathways for the meltwater, similar to those seen in Icelandic glaciers.
[57] 4) In addition to all the above methods of transport, some meltwater may also have simply reentered the local groundwater system, possibly through the locally deep portions of many of the basins [Clifford, 1993] . For example, the anomalously deep parts of Basin 1 ( Figure 5 ) are about 400 m below the surface of the present basin floor and could represent relict subsurface drainage into the groundwater table.
Solution and Subsidence
[58] While the evidence supports a basal melting origin of the basins of Cavi Angusti, another mechanism that involves removal of the volatile-component of the deposit should also be considered. The percolation of water through ground that is rich in soluble materials can lead to the solution of such material, and subsidence of the ground. Such basins are observed on the Earth and are referred to as solution basins [Smith, 1969 [Smith, , 1970 . These basins often have irregular outlines, displaying cuspate rims, and in places appear to have formed from smaller basins that merged with each other [Smith, 1969] . In their construction, islands of material are often left sitting within the basins.
[59] Some of the northern-most basins of the Cavi Angusti area appear remarkably similar to terrestrial solution basins. They display similar cuspate outlines, and in places give the appearance of having formed from the merger of smaller basins. Also, within some of the Cavi Angusti basins there are remnant islands of the surrounding plains, similar to what is observed within solution basins on the Earth.
[60] Clearly for solution basins to form, soluble material must be present within the rocks. On the Earth, such material is generally a salt. Measurements from made by the Viking Landers indicate high concentrations of salt forming elements (Cl and S) within the Martian soil, which have been interpreted as evidence for the presence of salts within the Martian surface deposits [Toulmin et al., 1977; Clark and Van Hart, 1981] . If the northern Cavi Angusti basins were formed in a manner similar to terrestrial solution basins, what was the soluble material? Salts are certainly a candidate, but another possibility might simply be water ice.
[61] The water melted from the construction of the more southern basins of Cavi Angusti would likely have traveled toward the north, and been deposited in Schmidt Valley (see discussion in section 3.3.4). Some of this water would likely have traveled through the DAF, and passed through the area now occupied by the northern basins. For this mechanism of transport to be feasible, sufficient thermal energy must have been maintained by the meltwater to prevent immediate refreezing. The temperature of the meltwater must have been sufficient to melt the ice from the northern area of Cavi Angusti, leading to the construction of the solution-basinlike depressions.
Summary and Conclusions
[62] Detailed examination of the Cavi Angusti area using MGS data supports a basal melting origin of the basins, as originally proposed by Howard [1981] , and does not favor eolian deflation as a primary mechanism of basin formation. Our analysis of the largest of the basins, Basin 1, shows evidence for volcanic activity within the basin, and strongly suggests that this extrusive activity, coupled with intrusive cooling of magmatic material, led to basal melting and construction of the basin. Additional mountains and ridges located on the floors of other basins suggest that similar mechanisms may have contributed to formation of these basins. The material removed to form the basins was largely volatile in nature, and was likely transported northward through a combination of mechanisms (basal transport, englacial transport, and overflow), and deposited in Schmidt Valley. Transport of the warm meltwater north, toward Schmidt Valley may have served to melt the ice component Figure 8 . Possible evolution of the Hesperian-aged south polar ice sheet. Time periods associated with the time steps are based on current crater dating. At Time 1, the ice sheet is emplaced. At Time 2, the ice sheet begins to melt back and retreat, possibly due to subglacial heating [see Ghatan and Head, 2002] , and what is left is referred to as the Dorsa Argentea Formation. During the latter part of this time (Time 3), the esker systems are exposed on the surface and the basins of Cavi Angusti form. At Time 4, the younger, Amazonian polar units are deposited. Time steps 2 and 3 may have occurred simultaneously. of the northern sections of the Cavi Angusti area, constructing some basins that appear similar to terrestrial solution basins.
[63] Our analyses suggest that the sequence of events in the history of this region (Figure 8 ) included the emplacement of a circumpolar ice sheet in the Early Hesperian [Plaut et al., 1988; and was followed by its modification, retreat, and the formation of the eskerlike ridges and cavi. This in turn was followed in the Amazonian by deposition of the superposed polar deposits (Apl and Api).
[64] While the deflation origin seems unlikely to be the mechanism of formation for the basins, wind has certainly served as a secondary modifying agent. Melting of the volatile component of the DAF would have left a lag deposit of sediment. Eolian activity may have served to strip away some of this material, constructing from it the dunes that are observed in the area.
[65] Finally, basal melting features observed in other areas near the south polar cap [Fishbaugh and Head, 2000a] warrant future investigations of possible volcano/ice interactions. Further, high-resolution topographic analysis of the north polar cap of Mars using MOLA data shows evidence for a once larger cap, and asymmetric retreat of the Olympia Lobe Head, 2000b, 2001] . Evidence exists for basal melting and drainage of meltwater Head, 2001, 2002] . The abundance of evidence for volcano/ ice interaction near the south pole, presented in this study and our previous work [Ghatan and Head, 2002] , raises the possibility that the features related to basal melting near the north pole of Mars may have been produced through volcanic and magmatic processes [Garvin et al., 2000] . As pointed out by Head and Wilson [2002] , the presence of a cryosphere during a significant part of the history of Mars meant that volcano/ice interactions were inevitable and abundant. Several authors have identified possible subglacial volcanic products [Allen, 1979; Hodges and Moore, 1978; Chapman, 1994; Chapman and Tanaka, 2001, 2002; Ghatan and Head, 2002] . Future work is required to understand in more detail the constructional histories of these volcanoes, as well as to understand how they relate to each other in time and space during the geologic history of Mars.
